Arabinogalactan proteins (AGPs) are a family of complex proteoglycans widely distributed in plants. They are found in the extracellular matrix associated with the plasma membrane and cell wall of higher plants. 1) AGPs are implicated in several aspects of cell wall biology including the signaling of cell context and cell expansion, yet remain elusive in terms of their mechanistic involvement in cell processes. 1 3) They are characterized by large amounts of carbohydrate components rich in galactose and L arabinose, and protein components rich in hydroxyproline. 3, 4) Structural and immunochemical analyses reveal considerable heterogeneity to the arabinogalactan component, which can account for over 90% of AGP mass. The carbohydrate moieties of AGPs have a common structure consisting of a β 1,3 galactosyl backbone to which side chains of β 1,6 galactosyl residues are attached through O 6. L Arabinose and lesser amounts of other auxiliary sugars, such as glucuronic acid, L rhamnose, and L fucose, are attached to the side chains, usually at non reducing termini. 3, 4) Gum arabic and larch arabinogalactan, which are a kind of AGP, are useful not only as food materials but also as food additives to improve the physical properties and the functionality of other food materials. 5 7) These are used as texture modifiers by themselves or with others and also used for stabilization of emulsions, suspension of particulates, control of crystallization, encapsulation, and formation of a film. 5 7) The excellent emulsifying properties are due to their AGP fraction in which the hydrophobic polypeptide backbone strongly absorbs at the oil water interface, while the attached carbohydrate moieties stabilize the emulsion.
Molecular cloning of exo-β-1,3-galactanase from P. chrysosporium and expression of recombinant enzyme.
Exo β 1,3 galactanase (EC 3.2.1.145) hydrolyzes the main chain β 1,3 linkage of the carbohydrate moiety of AGPs. The enzymes have been previously purified from only two organisms, Irpex lacteus (Il1,3Gal) and Aspergillus niger (An1,3Gal). 13, 14) The amino acid sequence of exo β 1,3 galactanase had been unknown.
Exo β 1,3 galactanase was purified from I. lacteus, and N terminal and internal amino acid sequences were determined. Based on these partial amino acid sequences of Il1,3Gal, full length cDNA for Pc1,3Gal43A was isolated by reversetranscription PCR. The cDNA sequence contained an open reading frame (1344 bp) encoding a 448 amino acid protein (DDBJ accession number AB200390). The enzyme contains domains resembling the GH43 catalytic module and an additional C terminal region.
In order to obtain the mature Pc1,3Gal43A, the cDNA fragment encoding the region was amplified by PCR and then subcloned into the expression vector pPICZαA. The recombinant protein was expressed in Pichia pastoris strain KM71H as a secreted form and was purified using a CM Sepharose Fast Flow column.
The substrate specificity of the recombinant Pc1,3Gal43A was investigated. The GH43 family includes β xylosidase (EC 3.2.1.37), α L arabinofuranosidase (EC 3.2.1.55), arabinoxylan arabinofuranohydrolase ( EC 3.2.1.55), endo α 1,5 L arabinanase (EC 3.2.1.99), and β 1,4 xylanase (EC 3.2.1.8). The purified recombinant Pc1,3Gal43A showed activity toward only β 1,3 galactan, not gum arabic, larch arabinogalactan, debranched arabinan, arabinan, soluble oat spelts xylan, or soluble birchwood xylan. The specific activity of the enzyme toward β 1,3 galactan was 99.8 U mg, which is somewhat higher than that of purified Il1,3Gal (87.8 U mg) 13) and the native enzyme purified from culture filtrate of P. chrysosporium (94.8 U mg). The enzyme did not hydrolyze any PNP glycoside, not even PNP β Galp. The recombinant enzyme did not demonstrate any of the activities reported for GH43, suggesting that Pc1,3Gal43A is a novel member of GH43.
Substrate specificity of Pc1,3Gal43A.
The substrate specificity of Pc1,3Gal43A toward other polysaccharides in shown in Table 1 . The enzyme specifically hydrolyzed β 1,3 linked galactan chains. This is consistent with the results of the activity toward oligosaccharides (Table 2) . Pc1,3Gal43A specifically hydrolyzed β 1,3 linked galactooligosaccharides, but not β 1,4 linked or β 1,6 linked galactooligosaccharide. In addition, the enzyme could not hydrolyze the β 1,3 galactosyl linkage of β 1,3 galactosyl galactosaminide, β 1,3 galacosyl glucosaminide or β 1,3 galactosyl L arabinofuranoside ( Table 2 ). It appears that Pc1,3Gal43A specifically cleaves the internal β 1,3 linkage of two galactosyl residues.
The hydrolysis products of β 1,3 galactooligosaccharides and polysaccharides generated by Pc1,3Gal43A were analyzed by high performance anion exchange chromatography with a pulsed amperometric detection system (HPAEC PAD). In the hydrolysis of β 1,3 galactotriose, galactose and β 1,3 galactobiose were generated by the enzyme (data not shown). 11) In the case of hydrolysis of methyl β 1,3 galactopentaoside, galactose and methyl β 1,3 galactotetraoside were detected at the initial stage of hydrolysis (data not shown). 11) These suggested that Pc1,3Gal43A releases galactose from nonreducing ends of the substrate.
The hydrolysis products of Pc1,3Gal43A for β 1,3 galactan or radish AGP were also analyzed by HPAEC PAD (Fig. 1 ). When the enzyme hydrolyzed β 1,3 galactan, only galactose was produced, suggesting that Pc1,3Gal43A releases galactose in an exo acting manner. In contrast, several peaks corresponding to oligosaccharide were also detected in addition to galactose when Pc1,3Gal43A was incubated with radish AGP. The data suggest that the enzyme is able to accommodate the β 1,6 linked galactosyl side chains in AGPs.
β-1,3-Galactan-binding module.
To analyze the function of the C terminal CBM of Pc1,3Gal43A (PcCBM35), we attempted to express the catalytic module and CBM individually in P. pastoris. The CBM was successfully expressed, though the catalytic module could not be expressed. To investigate the binding specificity of CBM, affinity gel electrophoresis was performed using polysaccharides as substrates. The CBM did not show any affinity for soluble polysaccha- The enzyme (6.9 nM) was incubated in a mixture containing 0.5% (w v) substrate and McIlvaine buffer, pH 4.5, at 37 C. At regular intervals, initial hydrolysis rates were determined by the Somogyi Nelson method. 
The enzyme (6.9 nM) was incubated in McIlvaine buffer, pH 4.5, containing 5 mM substrate at 37 C. The initial hydrolysis rate was determined periodically by the Somogyi Nelson method. rides such as hydroxyethyl cellulose, soluble birchwood xylan, laminarin, gum arabic and larch arabinogalactan (data not shown), but it showed significant affinity for gum arabic after several Smith degradation treatments ( Fig. 2 ). No affinity for β 1,4 galactan from potato or β 1,3 xylan was seen (data not shown). These suggested that the CBM has affinity for β 1,3 galactan and critically recognizes β 1,3 linked galactosyl residues. The results of FAC showed that the CBM specifically bound to oligosaccharides containing at least two β 1,3 linked galactosyl residues, such as βGalLac and βGal2Lac ( Fig. 3) . It was the first report of a module having affinity for β 1,3 galactan, and the module was classified under CBM35.
Exo-β-1,3-galactanase from bacteria and plants.
Exo β 1,3 galactanases have been previously identified only in fungi, including Pc1,3Gal43A. 11, 13, 14) The BLAST search using the amino acid sequence of Pc1,3Gal43A revealed that similar sequences were distributed in bacteria and plants. We cloned those genes from Clostoridium thermocellum (DDBJ accession number ABN51896), Streptomyces avermitilis (DDBJ accession number AP 005029), and Arabidopsis thaliana (DDBJ accession number AB013390, AL132965), and then recombinant proteins were expressed. 15, 16) Those proteins showed real exo β 1,3 galactanase activity, indicating that the enzymes are actually distributed in fungi, bacteria and plants ( Fig. 4) .
Exo β 1,3 galactanase from C. thermocellum consists of an N terminal GH43 catalytic module (Ct1,3Gal43A), CBM13, and a C terminal dockerin domain. 15) CBM13 consists of three subdomains α, β and γ. The combination of three folds is similar to the β trefoil fold, which is shared by plant galactose binding lectins. To investigate the binding specificity of CBM13 of Ct1,3Gal43A, affinity gel electrophoresis and FAC of Ct1,3Gal43A CBM13 were performed using Ct1,3Gal43A as a control. CBM13 of the enzyme did not show significant affinity for polysaccharides such as hydroxylethylcellulose, soluble bichwood xylan, laminarin, gum arabic, β 1,3 galactan, larch arabinogalactan, potato galactan, and β 1,3 xylan (data not shown). However, the results of FAC indicated that the CBM13 binds to several oligosaccharides containing β 1,3 linked or β 1,4 linked galactosyl residues at the nonreducing end. 15) In addition, the affinity of the CBM13 for βGalLac was almost the same as that of βGal2Lac, suggesting that the CBM13 recognized β 1,3 galactobiose at the nonreducing end. 15) When the exo β 1,3 galactanase activities of the two variants with or without CBM13, Ct1,3Gal43A CBM13 or Ct1,3Gal43A were compared, the CBM13 interfered with the enzyme activity for β 1,3 galactan and α L arabinofuranosidase treated AGP (Fig. 5 ). It could be explained by the fact that the CBM13 recognizes the β 1,3 galactobiose at the nonreducing end of the substrate, and thereby blocks the enzyme from accessing its substrate. Further analysis could not be performed because of a lack of the recombinant protein expressed CBM13 only.
The specific activities of exo β 1,3 galactanases from fungi (Il1,3Gal, 87.8 U mg; An1,3Gal, 45.6 units mg; Pc 1,3Gal43A, 99.8 U mg) 11, 13, 14) were higher than that of Ct 1,3Gal43A (21.3 U mg). 15) The reason for the rather higher activity of the fungal enzyme perhaps lies in the modular structure of the enzyme. Pc1,3Gal43A possesses a β 1,3 galactan binding module at the C terminus. The higher activity of fungal enzymes is attributed to the substrate binding module. Exo β 1,3 galactanase from S. avermitilis (Sa1,3Gal43A) also possesses a C terminal CBM13 like Ct1,3Gal43A. When we investigated the specific activity of Sa1,3Gal43A, it was lower than that of fungal enzymes. 16) In the case of CBM13 from S. avermitilis, the binding specificity and the function could not be investigated because the full length recombinant en- zyme, Sa1,3Gal43A CBM13 was not obtained. But it would be possible to infer the exo β 1,3 galactanase activity of Sa1,3Gal43A by the CBM13 of the enzyme. The bacterial enzyme might have a role in the favorable degradation of AGPs in the native environment. In contrast to microbial exo β 1,3 galactanases, the modular structures of two enzymes (At1,3Gal43A and At1,3Gal43B) from A. thaliana were different. The enzymes contained transmembrane region at the N terminus and did not contain any CBMs. Both recombinant enzymes, which consist of only catalytic modules, showed exo β 1,3 galactanase activity when they were expressed in P. pastoris. 15) 
Molecular cloning of endo-β-1,6-galactanase from S. avermitilis and expression of recombinant enzyme.
Another key enzyme involved in degrading AGPs is endo β 1,6 galactanase (EC 3.2.1.164), which cleaves the side chain β 1,6 linkage of the carbohydrate moiety of AGPs. We succeeded in the cloning an endo β 1,6 galactanase gene from Tricoderma viride (Tv1,6Gal5A), and elucidated the enzyme belonging to GH5. 12) When the amino acid sequence of Tv6GAL was compared with sequences in the BLAST database, the hypothetical protein of the S. avermitilis showed similarity with Tv6GAL. In the previous work, we demonstrated that a gene from S. avermitilis similar to Pc1,3Gal43A certainly encodes an exo β 1,3 galactanase. 16) Therefore, it is quite possible that the hypothetical protein of S. avermitilis, similar to Tv6GAL, shows endo β 1,6 galactanase activity.
The gene encoding a putative endo β 1,6 galactanase was amplified from S. avermitilis genomic DNA by PCR. The sequence contained an open reading frame (1476 bp) encoding a 491 amino acid protein (DDBJ accession number BAC72917). The protein contained a domain resembling the GH5 catalytic module and the sequence at the N terminus (residues 1 21) was predicted as a signal peptide.
In order to obtain the mature protein, the fragment encoding the region without a signal peptide was amplified by PCR and then subcloned into the expression vector pET30. The recombinant protein (Sa1,6Gal5A) was expressed in E. coli strain Rosetta (DE3). The recombinant protein was purified using a Ni NTA agarose column. and endo β 1,6 galactanase. Accordingly, the activities of Sa1,6Gal5A were tested using the following substrates: β 1,3 β 1,6 galactan from Prototheca zopfii, laminarin, CM curdlan, lichenan, CM cellulose, pustulan, guar gum, locust bean gum, chitosan, soluble oat spelt xylan, soluble birchwood xylan and PNP glycosides. The enzyme showed activity toward β 1,3 β 1,6 galactan, but the enzyme did not demonstrate any other activities as previ-ously reported for GH5. 17) The specific activity of the enzyme toward β 1,3 β 1,6 galactan was 56.5 U mg. The enzyme did not hydrolyze any PNP glycoside.
Substrate specificity of
The substrate specificity of Sa1,6Gal5A toward other polysaccharides containing galactosyl residues was shown in Table 3 . The enzyme hydrolyzed substrates containing β 1,6 galactosyl residues such as native AGP from tomato juice, native and α L arabinofuranosidase treated AGPs from radish, and β 1,3 β 1,6 galactan. Sa1,6Gal5A did not hydrolyze β 1,3 or β 1,4 linked galactose containing polysaccharides, suggesting the enzyme only hydrolyzed β 1,6 linked galactan chains. The results of the enzyme activity toward oligosaccharides are shown in Table 4 . Sa1,6Gal5A specifically hydrolyzed β 1,6 linked galactooligosaccharides, but not β 1,3 linked or β 1,4 linked galactooligosaccharide. Thus, it was concluded that Sa1,6Gal5A specifically cleaves the β 1,6 galactosyl linkage.
The hydrolysis products of Sa1,6Gal5A for β 1,3 β 1,6 galactan were analyzed by HPAEC PAD (Fig. 6) . The hydrolysis products generated were a series of β 1,6 galactooligosaccharides with different degrees of polymerization. In the degradation pattern, the enzyme preferentially liberated β 1,6 galactobiose. With longer incubation, galactose was also detected with a range of β 1,6 galactooligosaccharides. The results suggested that The enzyme (35 nM) was incubated in a mixture containing 0.5% (w v) substrate and McIlvaine buffer, pH 5.5, at 37 C. At regular intervals, initial hydrolysis rates were determined by the Somogyi Nelson method. The enzyme (35 nM) was incubated in McIlvaine buffer, pH 5.5, containing 5 mM substrate at 37 C. The initial hydrolysis rate was determined periodically by the Somogyi Nelson method. Sa1,6Gal5A was incubated with 0.5% (w v) substrate in McIlvaine buffer, pH 5.5 at 37 C. Gal, galactose; Gal2, β 1,6 galactobiose; Gal3, β 1,6 galactotriose; Gal4, β 1,6 galactotetraose. 
